The global regulatory nucleotide ppGpp (''magic spot'') regulates transcription from a large subset of Escherichia coli promoters, illustrating how small molecules can control gene expression promoterspecifically by interacting with RNA polymerase (RNAP) without binding to DNA. However, ppGpp's target site on RNAP, and therefore its mechanism of action, has remained unclear. We report here a binding site for ppGpp on E. coli RNAP, identified by crosslinking, protease mapping, and analysis of mutant RNAPs that fail to respond to ppGpp. A strain with a mutant ppGpp binding site displays properties characteristic of cells defective for ppGpp synthesis. The binding site is at an interface of two RNAP subunits, u and b 0 , and its position suggests an allosteric mechanism of action involving restriction of motion between two mobile RNAP modules. Identification of the binding site allows prediction of bacterial species in which ppGpp exerts its effects by targeting RNAP.
INTRODUCTION
The nucleotides guanosine tetraphosphate and guanosine pentaphosphate (abbreviated here as ppGpp) were identified initially in E. coli as relA-dependent products of cells responding to amino acid starvation (Cashel, 1969; Potrykus and Cashel, 2008) . Genes responsible for ppGpp synthesis and degradation (the relA family) have been identified in almost all bacterial genomes examined, as well as in chloroplasts (Atkinson et al., 2011) . The response to starvation referred to as the stringent response includes an extensive reprogramming of transcription. Binding of ppGpp to E. coli RNA polymerase (RNAP) in vitro and in vivo inhibits transcription from many promoters required for ribosome synthesis, activates transcription from a number of promoters for amino acid biosynthesis, and regulates a variety of additional promoters as well (Barker et al., 2001b; Haugen et al., 2008) . Genome-wide approaches indicate that ppGpp regulates the levels of transcripts from several hundred genes involved in macromolecular biosynthesis pathways and a variety of stress responses (Durfee et al., 2008; Traxler et al., 2008) , justifying the original name given to the modified nucleotide, ''magic spot'' (Cashel, 1969) . Some of these effects might be secondary effects of ppGpp's role in regulating expression of other gene products or binding to enzymes other than RNAP. It has been reported that ppGpp affects the activities of DNA primase, lysine decarboxylase, IF2, and guanylate kinase, regulating processes as varied as DNA replication, translation, and central metabolism (Milon et al., 2006; Srivatsan and Wang, 2008; Kanjee et al., 2012; Kriel et al., 2012; Rymer et al., 2012; Denapoli et al., 2013) . Furthermore, ppGpp is required for virulence in many pathogens (Dalebroux et al., 2010) .
Although ppGpp interacts with RNAP, it affects transcription from only a subset of promoters. Differences in the kinetic properties of promoter complexes account for ppGpp's promoter-specificity. ppGpp increases decay of the open complex, thereby inhibiting transcription initiation from complexes that are intrinsically short lived (Barker et al., 2001b; Haugen et al., 2008 ). ppGpp's effects are amplified by DksA, a 17.5 kDa protein that modifies RNAP by binding to the enzyme's secondary channel (Paul et al., 2004; Perederina et al., 2004; Lennon et al., 2012) .
Understanding how ppGpp affects transcription requires identification of its binding site on RNAP, but (despite considerable effort) that site had not been identified. Previous studies using crosslinkable ppGpp derivatives concluded that ppGpp bound to one of the two large subunits of E. coli RNAP, i.e., b 0 (Toulokhonov et al., 2001) or b (Chatterji et al., 1998) , but neither study located the binding site more specifically. We found previously that the 11 kDa u subunit of RNAP was needed for the E. coli enzyme to respond to ppGpp in vitro, but we could not distinguish whether u affected binding directly by interacting with ppGpp or affected its binding allosterically by altering the conformation of RNAP (Vrentas et al., 2005) . Genetic approaches identified substitutions in E. coli RNAP that mimicked the effect of ppGpp by reducing the lifetime of the RNAP-promoter complex, but these substitutions did not result in resistance to ppGpp, suggesting that they did not disrupt the ppGpp binding site (Barker et al., 2001a) .
A ppGpp binding site on RNAP from a bacterial species distantly related to E. coli, T. thermophilus, was identified in a cocrystal , but subsequent analysis indicated that T. thermophilus RNAP was not regulated by ppGpp in vitro or in vivo (Kasai et al., 2006; Vrentas et al., 2008) . Substitutions for E. coli RNAP residues analogous to the liganded residues in the T. thermophilus RNAP-ppGpp X-ray structure did not affect the apparent binding affinity of ppGpp for E. coli RNAP (Vrentas et al., 2008) . These data suggested that the T. thermophilus site derived from adventitious binding of ppGpp to an NTP binding site (the E site) in RNAP (Westover et al., 2004; Vrentas et al., 2008) and was not the biologically significant site. Consistent with the hypothesis that the ppGpp binding site in the Thermus cocrystal is not the relevant target, ppGpp was found to regulate ribosomal RNA (rRNA) promoters by a different mechanism in another bacterium distantly related to E. coli, Bacillus subtilis, reducing the concentration of the starting nucleotide, GTP, rather than by binding to RNAP (Krá sný and Gourse, 2004; Kriel et al., 2012) .
Here we identify a ppGpp binding site on E. coli RNAP at the interface of the b 0 and u subunits. We mapped an RNAP-ppGpp crosslink to a short interval in the b 0 subunit and identified substitutions for several residues in and near this interval that strongly reduced the effect of ppGpp on transcription in vitro. The location of this site in RNAP suggests a mechanism for its effects on transcription. Residues in the proposed binding site are not conserved in RNAPs from distantly related bacterial species, including T. thermophilus and B. subtilis, consistent with the absence of effects of ppGpp on those RNAPs.
RESULTS AND DISCUSSION
The 6-thio ppGpp Crosslink Maps to a Small Interval in the b 0 Subunit of E. coli RNAP We used biochemical and genetic approaches to identify the position of the ppGpp binding site on E. coli RNAP. We adapted a crosslinking method based on that described by Toulokhonov and colleagues (Toulokhonov et al., 2001) . 32 P-6-thio-ppGpp was synthesized from 6-thio-GDP and g-32 P-ATP using a crude ribosome fraction as a source of ppGpp synthetase (RelA) activity ( Figure 1A ). Purified 32 P-6-thio-ppGpp formed a UV-dependent crosslink with either RNAP holoenzyme or core enzyme (i.e., lacking the s subunit), and the crosslinked species migrated on denaturing gels at the position of the two large comigrating subunits of RNAP (b 0 , 155 kDa; or b, 150 kDa) ( Figure 1B ). Competition with unlabeled ppGpp eliminated the crosslink, whereas competition with GTP did not, indicating that the crosslink was specific ( Figure 1B) . The slower electrophoretic migration of a crosslinked product from RNAP containing a b 0 -GFP fusion (187 kDa) identified b 0 as the crosslinked species ( Figure 1C) .
The crosslinked position within b 0 was mapped via chemical proteolysis with hydroxylamine (HA) and enzymatic proteolysis with thrombin. (Attempts to map the crosslink using mass spectrometry and nonradioactive 6-thio-ppGpp were unsuccessful; see the Supplemental Experimental Procedures available online). Initial analysis with HA suggested that the crosslinked position was C-terminal to the HA site at residue 495 and was not in the N-terminal region of b 0 as had been suggested previously (Toulokhonov et al., 2001 ) ( Figure S1 ). To map the interaction site further, we created RNAPs with thrombin sites introduced at specific locations in b 0 and generated a set of crosslinked thrombin digestion products with known endpoints ( Figures 1D-1F Substitutions for Residues in the Crosslinked Interval Block Inhibition of Transcription by ppGpp These results indicated that position 6 of the guanine base, the reactive moiety of the zero-length crosslinker 6-thio-ppGpp, is in close proximity to residue(s) in the crosslinked interval. To further localize the ppGpp binding site, we created substitutions for residues in and near the crosslinked interval and evaluated the responses of the mutant RNAPs to ppGpp using three different assays: (1) inhibition of transcription from rrnB P1, an extensively characterized ppGpp-regulated rRNA promoter (Barker et al., 2001b) ; (2) reduction of promoter-RNAP complex lifetime, another hallmark of ppGpp function (Barker et al., 2001b) ; and (3) crosslinking to 32 P-6-thio-ppGpp. Transcription from rrnB P1 by wild-type RNAP was inhibited 3-to 4-fold by ppGpp (IC 50, $12 mM), whereas transcription of a vector-encoded transcript, RNA 1, was unaffected, consistent with our previous observations (Barker et al., 2001b; Vrentas et al., 2005; Vrentas et al., 2008) (Figures 2A and 2B) . b 0 Y626A RNAP displayed a 3-to 4-fold defect in its response to ppGpp (IC 50 39 mM), whereas b 0 R634A RNAP responded to ppGpp like wild-type RNAP ( Figure 2B ), suggesting that the N-terminal portion of the crosslinked interval contributed to the binding site. We then introduced substitutions for additional residues located near b 0 Y626 based on a homology model of E. coli RNAP (Opalka et al., 2010) . These substitutions were focused on residues in this part of the crosslinked interval and in nearby residues in the b 0 , b, a, and u subunits, particularly aromatic or basic amino acids that might either stack on the guanine base or interact with the phosphates of ppGpp.
In the absence of ppGpp, the mutant RNAPs had transcription activities similar to wild-type RNAP, indicating that the substitutions did not alter essential RNAP functions. The sensitivities of the mutant RNAPs to ppGpp ranged from complete loss of a response (IC 50 R 1 mM) to a wild-type response (Figure 2 ). Substitutions for residues in the N-terminal portion of the crosslinked interval in b 0 (K615A, D622A) or in nearby residues in b 0 (R362A, R417A) or a deletion of four residues in the N terminus of u (D2-5) had the strongest phenotypes (class 1 and 2 mutants; IC 50 $200 to R1 mM; Figures 2B and 2D-2F ). The triple substitution R362A, Y626A, I619A was more defective than the double substitution R362A, Y626A (IC 50 R 1 mM versus 375 mM), suggesting that residue I619 also contributes to the site ( Figure 2B ). Mutants with multiple substitutions for nearby residues in either aNTD II (aE188A, R191A) or b (W807A, N808A, K1087A, R1216A) caused only small defects in the response to ppGpp (class 3; Figure 2B ), whereas other substitutions in the crosslinked interval further from its N terminus (b 0 R634A) or for residues in aNTD II (N186A, E188A) had no effect on ppGpp function (class 4; Figure 2B ).
Mutant RNAP-Promoter Complex Stability Is Not Affected by ppGpp
Representative mutants with strong phenotypes in the transcription inhibition assay were also analyzed for their effects on
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(legend continued on next page)
The Binding Site for ppGpp on E. coli RNAP promoter complex lifetime. ppGpp destabilizes RNAP complexes formed by all promoters, although it only inhibits transcription from promoters that form intrinsically unstable complexes (Barker et al., 2001b) . Consistent with results from the transcription inhibition assay, promoter complexes formed by the class 1 and 2 mutant RNAPs were insensitive to the destabilizing effects of ppGpp (Figures 3A and 3B) and had lifetimes in the absence of ppGpp that were similar to that of wild-type RNAP (5-6 min), as observed previously for the complex formed by RNAP lacking u (Vrentas et al., 2005) . These results suggested that the substitutions affected ppGpp binding rather than the kinetic properties of the RNAP-promoter interaction.
In contrast, one class 3 mutant, a E188A, R191A RNAP, formed a promoter complex that was intrinsically more stable 
The Binding Site for ppGpp on E. coli RNAP than wild-type RNAP in the absence of ppGpp (t ½ $12 min) ( Figure 3B ). The IC 50 for inhibition of transcription by ppGpp with this enzyme was 4-fold higher than with the wild-type enzyme ( Figure 2B ), even though ppGpp had approximately the same fold effect on the lifetimes of the mutant and wild-type RNAP-promoter complexes ( Figure 3B ). These results suggest that the effects of a E188A, R191A on transcription inhibition by ppGpp do not result from a defect in ppGpp binding to RNAP, but rather result from the stabilizing effects of the substitutions on the promoter complex, putting it outside the kinetic window for optimal transcription inhibition (see discussion below).
Mutant RNAPs Do Not Crosslink to 6-thio-ppGpp
To determine whether the substitutions conferring strong defects in the response to ppGpp affected ppGpp binding, we examined representative mutant RNAPs for crosslinking to 32 P-6-thio-ppGpp. Crosslinking to five class 1 or class 2 mutant RNAPs was reduced by 80%-90% relative to wild-type RNAP ( Figures 3C and 3D ). Taken together, the results indicate that the class 1 and 2 substitutions inhibit ppGpp function by altering ppGpp binding to RNAP rather than by changing the intrinsic kinetic properties of the complexes and desensitizing them to the effects of ppGpp.
Effects of a Mutant ppGpp Binding Site Allele In Vivo
To analyze whether altering the ppGpp binding site had effects on ppGpp function in vivo, we used oligonucleotide-directed recombineering to create a double substitution (b 0 K615A,R417A) in rpoC on the E. coli chromosome (see the Supplemental Experimental Procedures). These mutations were chosen because either singly or together they strongly reduced the response of the resulting mutant RNAPs to ppGpp in vitro (Figures 2 and 3) . A strain with the mutant alleles had log phase doubling times and efficiencies of plating similar or identical to the wild-type strain in both rich (LB) and minimal glucose medium ( Figure 3E and its legend) but reproducibly required 4-5 hr longer than the wild-type strain to attain a maximal growth rate and to reach maximum cell density after a nutritional downshift from rich to minimal medium. Such growth delays after nutritional downshifts are characteristic of relA strains (Cashel and Rudd, 1987) and are consistent with observations that ppGpp is required for rapid responses of rRNA promoters to nutritional transitions (Murray et al., 2003) . We conclude that the ppGpp-binding residues Relative crosslinking from replicate experiments with associated ranges are shown (see the Experimental Procedures). Error bars represent the range from at least two independent experiments. (E) Growth curves of E. coli wild-type or rpoC R417A, K615A strains grown in LB, washed, and diluted into fresh LB (black, wild-type; green, mutant) or downshifted into MOPS-glucose minimal medium (MM; blue, wild-type; red, mutant). Error ranges for six replicate determinations are shown. Efficiencies of plating (MM/LB) were 1.2 ± 0.5 (wild-type) and 1.2 ± 0.2 (mutant). The time for the mutant strain to achieve maximum exponential growth rate or to reach stationary phase was 4-5 hr longer than for the wild-type strain.
Molecular Cell
The Binding Site for ppGpp on E. coli RNAP identified in vitro are biologically significant. We note, however, that the mutant strain did not behave identically to stains completely lacking ppGpp (Potrykus and Cashel, 2008) , consistent with a role for ppGpp binding to other protein targets important for a variety of cell processes (e.g., translation, DNA replication, lipid biosynthesis, and central metabolism) in addition to its effects on RNAP (see Milon et al., 2006; Srivatsan and Wang, 2008; Kanjee et al., 2012; Rymer et al., 2012; Denapoli et al., 2013) .
Location of the Binding Site for ppGpp
In the homology model of E. coli RNAP (Opalka et al., 2010) , the crosslinked interval consists of an unstructured loop (635-648) and a long a helix (residues 612 to 634) located between the RNAP secondary channel wall and the N-terminal domain of the a II subunit, with the N terminus of the crosslinked interval adjacent to the N terminus of the u subunit and the C terminus near the b 0 rim helices ( Figure 4A ). The RNAP variants with the strongest phenotypes (class 1 and 2; Figure 2B ) cluster in the N-terminal portion of the crosslinked interval in b 0 and in a region of b 0 that is adjacent in space but not in primary sequence, as well as in the nearby N terminus of u ( Figures 4A and 4B ). Our results suggest that ppGpp binds at the interface of the u and b 0 subunits of E. coli RNAP. The proposed binding site is 30-35 Å from the active site of the enzyme, distinct from the RNAP secondary channel location of the site captured in the T. thermophilus cocrystal and distant from the promoter DNA in an open complex (Zhang et al., 2012) , suggesting that the effects of ppGpp on transcription are allosteric. To visualize whether ppGpp could interact with each of the genetically identified residues, we used the homology model of E. coli RNAP (Opalka et al., 2010) . We placed the 6 position of the guanine base (the photoreactive group on our crosslinkable ppGpp) adjacent to the section of the crosslinked interval implicated in ppGpp function by the effects of the RNAP substitutions and the phosphate groups of ppGpp near basic side chains in RNAP that strongly reduced ppGpp function (Figure 4 ). We note that since the E. coli and T. thermophilus sequences are not well conserved in two of the three RNAP regions that constitute this site (Figure 5) , we expected that the E. coli RNAP structure would differ from the homology based model in this region. The role of b 0 R417 is not readily accounted for with this E. coli homology model.
An E. coli RNAP-ppGpp crystal structure was generously shared with us by Zuo and colleagues (Zuo et al., 2013) . Not surprisingly, the structure of RNAP in the region of the ppGpp binding site differs somewhat from that in the E. coli homology model based on T. thermophilus RNAP (Opalka et al., 2010) , consistent with the substantial amino acid sequence divergence between those RNAPs in the u subunit N terminus and in the b 0 crosslinked interval (Figures 5 and S2) . Nevertheless, the position of ppGpp predicted from our biochemical and genetic data is very similar to that captured in the E. coli RNAP crystal (Zuo et al., 2013) . Our data also indicate that the ppGpp binding site in the crystal is the same as in solution.
Zuo and colleagues suggested that we create and test a mutant RNAP altering the highly conserved residue b 0 D622. As (C) The proposed ppGpp binding site is at the junction of the rigid-body core and shelf modules of RNAP (dark gray, core module; cyan, shelf module; green, clamp) on the T. thermophilus RNAP-Gfh1 cocrystal structure (3AOI, adapted from Tagami et al. [2010] ; Gfh1 is not shown). ppGpp (red) is shown at the location corresponding to the proposed binding site on E. coli RNAP (ppGpp does not bind to T. thermophilus RNAP; Figure 3D ) (Vrentas et al., 2008) . T. thermophilus core module residues corresponding to E. coli a NTD II a E188 (T. thermophilus E182) and R191 (T. thermophilus R185), shown in yellow spacefill, are in a region proposed to form a stabilizing contact with an a helix in b 0 in the shelf module (blue; E. coli b 0 408-417; T. thermophilus b 0 685-696) (Tagami et al., 2010) . We suggest that substitutions for E. coli residues R191 and E188 would increase complex stability by disfavoring a clamp-open (ratcheted) state.
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The Binding Site for ppGpp on E. coli RNAP predicted from their structure and the role proposed for this residue, b 0 D622A RNAP was insensitive to ppGpp in our transcription inhibition assay ( Figures 2B and 2E) . The E. coli crystal structure also indicates that b 0 R417 is likely to be part of the ppGpp binding site, whereas in our RNAP-ppGpp homology model it was separated from the ppGpp binding site by a few angstroms ( Figure 4B ).
Implications for the Mechanism of ppGpp Function
The ppGpp binding site is located at the interface of two previously identified mobile modules of RNAP, suggesting possible mechanism(s) for the role of ppGpp as an allosteric effector of transcription initiation. Rigid-body modules were observed in different relative orientations in different crystal structures of yeast RNAP II (Cramer et al., 2001) , T. aquaticus and E. coli holoenzymes (Darst et al., 2002; Murakami and Darst, 2003) , and T. thermophilus elongation complexes (Vassylyev et al., 2007; Tagami et al., 2010 Tagami et al., , 2011 . These different structures reflect large motions of the clamp (up to 25 Å ) and smaller changes in the relative positions of the core and shelf modules. In the T. thermophilus structures, these different states are referred to as the ''tight'' (closed clamp) and ''ratcheted'' (open clamp) states.
The core module contains sections of the b, b 0 , and a subunits, and the shelf module contains sections from b, b 0 , and u (Tagami et al., 2010) . Residues implicated in ppGpp binding from our data span the interface between the core and shelf modules (b 0 K615, I619, D622, and Y626 in the core module and b 0 R362, b 0 R417, and u 2-5 in the shelf module; Figure 4C ). The ppGpp binding site is located near the axis of rotation between the core and shelf modules and near the ''hinge loop'' (b 0 500-504; one of three short segments connecting the two modules) (Tagami et al., 2010) . Because ppGpp inhibits transitions on the pathway to open complex formation prior to nucleotide addition (Barker et al., 2001b) and it binds at the junction of the mobile core and shelf modules, we suggest that by altering the relative orientation of these modules it weakens the network of promoter-RNAP contacts.
In a promoter open complex, the clamp is in a closed conformation, and promoter DNA interactions include s subunit contacts to several promoter recognition elements, b and b 0 subunit contacts to the downstream portion of the transcription bubble, and b and b 0 contacts to the downstream DNA duplex (Murakami and Darst, 2003; Zhang et al., 2012; Chakraborty et al., 2012) . In addition, a ''finger'' in the s subunit positions the template strand in the main channel (Zhang et al., 2012) . Similar contacts to DNA strands in the downstream portion of the transcription bubble in initiation and elongation complexes include residues in two short protein segments that connect the core and shelf modules (Vassylyev et al., 2007; Tagami et al., 2010; Zhang et al., 2012) . The central segment of the bridge helix, b 0 786-794, interacts with template strand position +2, and the ''switch 3'' region (including the connecting segment b 1236-1243) interacts with template strand positions +1 to À3 (Zhang et al., 2012) . Conformational changes in these segments upon rotation of the modules could weaken or disrupt the template strand contacts.
In support of the hypothesis that ppGpp binding disrupts DNA contacts in this region, RNAP substitutions that mimic the effects of ppGpp by reducing open complex stability, thereby suppressing growth defects of strains lacking ppGpp, are found in b, b 0 , and s along the path of the transcription initiation bubble and downstream duplex (summarized in Table S3 of Rutherford et al., 2009 and Thermus thermophilus HB8. Residues predicted to bind ppGpp in each region of E. coli RNAP are in red. The 36-amino-acid interval in region 1 that crosslinked to 6-thio-ppGpp is in green. Alignments of the three RNAP regions from other bacterial species are provided in Figure S2 . Boxes in regions 1 and 3 surround short region containing residues with the largest effects on ppGpp binding. Dots indicate sequence identity. See also Figure S2 .
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The Binding Site for ppGpp on E. coli RNAP stability are not regulated by ppGpp (Haugen et al., 2006) . Alteration of the core-shelf orientation upon ppGpp binding could also affect the degree of clamp opening and the width of the main channel, contributing to destabilization of the open complex. We note that the range of motion in the transcription initiation complex need not be the same as that observed in the clamp-open (ratcheted) state of the T. thermophilus elongation complex.
We also identified RNAP substitutions near (but not in) the ppGpp binding site that increased intrinsic promoter complex lifetime in the absence of ppGpp (a E188A, R191A; Figure 3B ). These substitutions alter a region of aNTD in the core module implicated in stabilizing a clamp-open conformation through an interaction with an adjacent region of b 0 in the shelf module in T. thermophilus RNAP (Tagami et al., 2010) . We suggest that an inability to stabilize the clamp-open conformation leads to a longer-lived promoter complex, the opposite of the effect of ppGpp. More generally, these results support the model that alteration of the core-shelf interface affects promoter interactions allosterically. We also note that a mutation resulting in an R191C substitution in aNTD was isolated previously as a temperature-sensitive allele altered in RNAP structure/function (Igarashi et al., 1990) . ppGpp binds to enzymes other than RNAP (Kanjee et al., 2012; Kriel et al., 2012) . As we propose for RNAP, ppGpp inhibits the activity of lysine decarboxylase allosterically (Kanjee et al., 2012) . In contrast, in many other cases, effects of ppGpp appear to be mediated by competition with binding of GTP (e.g., Milon et al., 2006; Rymer et al., 2012) .
Further studies will be required to understand the complex interplay between the effects of ppGpp and its cofactor DksA, which also destabilizes promoter complexes (Paul et al., 2004) . In our evidence-based model for DksA binding in the RNAP secondary channel (Lennon et al., 2012) , DksA is R30 Å from the ppGpp binding location identified here, and we do not predict an interaction of DksA with ppGpp at this site. It remains a challenge for the future to determine how binding of ppGpp to RNAP and binding of DksA in the secondary channel synergistically alter promoter interactions.
Evolutionary Conservation of the ppGpp Binding Site
We demonstrated previously that RNAPs from two bacterial species evolutionarily-distant from E. coli, T. thermophilus, and B. subtilis, are unaffected by ppGpp in vitro (Krá sný and Gourse, 2004; Vrentas et al., 2008) , and we showed here that ppGpp does not crosslink to these RNAPs ( Figure 3D ). Consistent with these observations, residues in the E. coli ppGpp binding site are poorly conserved in the T. thermophilus and B. subtilis RNAPs. Alignment of the three 60-amino-acid regions in E. coli RNAP that contain the ppGpp binding residues with the corresponding regions from other RNAPs (Figures 5A, 5B, and S2) Among bacterial species more closely related to E. coli, the ppGpp binding site regions and key residues in the binding site are well conserved in representatives of the g proteobacteria ( Figure S2A ). In a, b, and d proteobacteria, several key residues are conserved, although there is considerable sequence variation within regions 1 and 3 (b 0 600-659 and u). In the ε proteobacteria, the sequence of the ppGpp binding site has diverged significantly ( Figure S2B ). In other more distantly related bacteria (e.g., Aquificales, Firmicutes, and Thermus) these two regions do not appear to be conserved ( Figure S2C ). Similarities in the N-terminal residues were also not observed in a previous alignment of bacterial u sequences (Minakhin et al., 2001) . We note that definitive conclusions about ppGpp binding to RNAP from any bacterial species will require direct biochemical analysis.
The lack of conservation of the ppGpp site in B. subtilis RNAP and the lack of effects of ppGpp on transcription by B. subtilis RNAP in vitro (Krá sný and Gourse, 2004) are consistent with the proposal that regulation of transcription initiation by ppGpp in this organism occurs by a mechanism involving a protein target for ppGpp different from RNAP. ppGpp has recently been shown to regulate GTP homeostasis in B. subtilis by regulating the activity of enzymes for GTP synthesis (Kriel et al., 2012) , thereby affecting transcription initiation from sensitive promoters by reducing the levels of the initiating nucleotide for transcription, GTP (Krá sný and Gourse, 2004) . We suspect that the previous assumption that the same binding targets and regulatory networks affected by ppGpp in E. coli also occur throughout the bacterial kingdom (including in the bacterial RNAP employed previously for structural studies, T. thermophilus) contributed to the initial misidentification of the ppGpp binding site .
In conclusion, it appears that evolution has found different ppGpp targets to achieve the same regulatory ends, even though ppGpp is employed throughout the bacterial domain for regulating gene expression. Such evolutionary ''rewiring'' to generate different regulatory circuits for the same biological goal has also been noted for networks utilizing DNA binding transcription factors (Baker et al., 2012) .
EXPERIMENTAL PROCEDURES
Additional experimental details for all procedures are provided in the Supplemental Experimental Procedures.
Strains and Plasmids
Strains and plasmids are listed in Table S1 . Substitutions in RNAP subunits were constructed by a Quik Change Mutagenesis Kit (Agilent) in the multisubunit RNAP overexpression plasmids pIA299 (Artsimovitch et al., 2003) or pIA900 (a derivative of pIA299 that includes rpoZ, graciously provided by I. Artsimovitch). Substitutions in the u subunit were constructed using the overexpression plasmid pCDFu (Vrentas et al., 2005) . Oligonucleotides for mutagenesis are listed in Table S2 . Chromosomally encoded b 0 substitutions K615A and R417A were introduced by single-stranded oligonucleotide-directed recombineering (Sawitzke et al., 2011) .
Purification of RNA Polymerases
RNAPs were overexpressed in BL21(DE3). RNAPs lacking u or with mutant u were overexpressed in BL21(DE3) rpoZ::kan (RLG12115) ( Table S1 ). RNAPs
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The Binding Site for ppGpp on E. coli RNAP were purified by Polymin P precipitation, NH 4 SO 4 precipitation, Ni-NTA Agarose (QIAGEN) affinity chromatography, and Heparin Sepharose 6 Fast Flow (GE Healthcare) chromatography (Vrentas et al., 2005) . b 0 -GFP RNAP was provided by C. Lennon (Lennon et al., 2012) . B. subtilis RNAPs were provided by J. Winkelman and L. Krasny (Krá sný and Gourse, 2004) , and T. thermophilus RNAP was a gift from Seth Darst (Rockefeller University).
Synthesis and Purification of 32 P-6-thio-ppGpp A crude ribosome fraction was prepared by pelleting of a cell lysate through sucrose step gradients (adapted from Krohn and Wagner, 1995) . 32 P-6-thioppGpp was synthesized from g 32 P-ATP, 6-thio-GDP (Jena Bioscience), and crude ribosomes (Toulokhonov et al., 2001) , purified by ascending PEI-cellulose chromatography, eluted, and precipitated. Pellets were dissolved, neutralized, and stored at À80 C.
Crosslinking
Crosslinking was carried out on ice by exposure to 312 nM light in reactions containing 32 6-thio-ppGpp ($5 mM) and RNAP ($5 mg), and where indicated, either 1 mM GTP or 1 mM unlabeled ppGpp (TriLink) as competitor. Samples were analyzed on SDS gels, and crosslinked bands were quantified by phosphorimaging. Relative crosslinking of wild-type and mutant RNAPs ( Figure 3D ) was estimated after subtraction of background within the same lane and subtraction of crosslinking obtained in the presence of ppGpp competitor.
Mapping the 32 P-6-thio-ppGpp-Crosslinked Site
Crosslinked samples were digested with either HA or thrombin (Novagen). 32 P-6-thio-ppGpp was relatively unstable under HA digestion conditions, causing difficulties with detection, so thrombin was used for most of the mapping. Digested samples were run on SDS gels, stained with Simply Blue (Invitrogen), dried, and analyzed by phosphorimaging. Unique fragments for each RNAP containing an engineered thrombin site resulted from digestion at the engineered site or at both an engineered site and the native thrombin site in b 0 . The electrophoretic migration of the unique fragments relative to known size markers enabled identification of the fragment endpoints ( Figure S1 ). Radioactive crosslinked products were identified based on the positions of corresponding unique fragments determined from the stained gels.
An approximate location for ppGpp binding ( Figures 4A and 4B ) was visualized with Pymol with a model of E. coli RNAP (3LU0) (Opalka et al., 2010 ) and a structure of ppGpp (G4P derived from 1LNZ) (Buglino et al., 2002) . In Figure 4C , ppGpp was positioned in the T. thermophilus RNAP-Gfh1 structure (3AO1) (Tagami et al., 2010) at the position corresponding to the ppGpp binding site in E. coli RNAP. Because the E. coli structure used was a homology-based model and some of the residues near the proposed ppGpp binding site are poorly conserved in T. thermophilus ( Figures 5B and S2 ), some details of the ppGpp binding site in this model differ from the site in the E. coli RNAP structure (see Zuo et al., 2013) .
In Vitro Transcription
Multiple-round in vitro transcription from a plasmid-encoded rrnB P1 promoter ± ppGpp (TriLink) was carried out with mutant or wild-type RNAPs with a buffer containing 170 mM NaCl (Figure 2) (Barker et al., 2001b) . IC 50 values for inhibition by ppGpp were determined from two or more experiments after normalization for the maximal extent of inhibition at saturating ppGpp. RNAP-promoter complex lifetime ± ppGpp ( Figure 3A and 3B) was determined by formation of complexes with the plasmid-encoded rrnB P1(dis) promoter (Barker et al., 2001b) , addition of a competitor to sequester free RNAP, and determination of the fraction of complexes remaining at different times with transcription used as a readout (Barker et al., 2001b) .
SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures, two tables, and Supplemental Experimental Procedures and can be found with this article online at http://dx. doi.org/10.1016/j.molcel.2013.03.021.
